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P r e f a c e  
There  e x i s t  s i g n i f i c a n t  d i v e r s i f i c a t i o n  o f  w a t e r  demand/ 
s u p p l y  models ,  e ach  p u r s u i n g  a  d i f f e r e n t  aim. The d i v e r s i t y  
o f  aim i s  t h e  s o u r c e  o f  t h e  d i v e r s i t y  o f  models .  
The p a r t i c u l a r i t i e s  o f  t h e  model e l a b o r a t e d  a r i s e  f rom 
t h e  r e q u i r e m e n t s  t o  i t s  p r o p e r t i e s  t o  be i n c l u d e d  a s  a  
submodel i n  t h e  s y s t e m  o f  r e g i o n a l  models ,  where t h e  r e g i o n  
i s  r e p r e s e n t e d  by many s u b r e g i o n s ,  where demand i s  formed 
a u t o m a t i c a l l y  and  where on e a c h  i t e r a t i o n  t h e  d a t a  c o n c e r -  
n i n g  t h e  c o s t  o f  w a t e r  s u p p l y  s h o u l d  be made more p r e c i s e  
i n  c o n d i t i o n s  when t h e  c o s t  o f  t h e  w a t e r  s u p p l y  i n  one  
s u b r e g i o n  i s  t h e  f u n c t i o n  o f  w a t e r  s u p p l y  o f  a l l  t h e  r e g i o n .  
T h i s  p a p e r  i s  an  a t t e m p t  t o  e l a b o r a t e  a  s p e c i a l  r e g i o n a l  
w a t e r  r e s o u r c e  model a s  a  p a r t  o f  a  more g e n e r a l  s y s t e m  o f  
r e g i o n a l  models .  The f i r s t  t e s t  o f  t h i s  model was made f o r  
t h e  S i l i s t r a  r e g i o n  ( B u l g a r i a ) ,  b u t  t h e  g e n e r a l  i d e a  i s  t o  
make it broad  enough f o r  imp lemen ta t ion  i n  o t h e r  c a s e s .  
Murat  Albegov 
November 1 9 7 8  

A b s t r a c t  
The contemporary  a n a l y s i s  o f  r e g i o n a l  deve lopment  i s  
u n t h i n k a b l e  w i t h o u t  t a k i n g  i n t o  a c c o u n t  t h e  w a t e r  r e s o u r c e  
f a c t o r .  Many s p e c i f i c  p r o p e r t i e s  o f  t h e  r e g i o n a l  w a t e r  
r e s o u r c e  model d e v e l o p e d  f o r  t h i s  p u r p o s e  r e s u l t  f rom t h a t  
i n f o r m a t i o n  a b o u t  w a t e r  r e s o u r c e s  which i s  n e c e s s a r y  f o r  t h e  
r e g i o n a l  p l a n n e r .  I n  a c t u a l  f a c t ,  he  would l i k e  t o  know n o t  
s o  much what  t h e  w a t e r  s u p p l y  o r  q u a l i t y  management s y s t e m  
s h o u l d  b e ,  a s  what  t h e  i n f l u e n c e  of  w a t e r  r e s o u r c e  a v a i l a b i -  
l i t y  o n  r e g i o n a l  deve lopment  i s .  I n  t h e  p r e s e n t  app roach  
such  an  i n f l u e n c e  i s  implemented t h r o u g h  t h e  mechanism o f  
t h e  t o t a l  c o s t  a s s o c i a t e d  w i t h  t h e  c r e a t i o n  o f  r e g i o n a l  
w a t e r  s u p p l y  and  t r e a t m e n t  s y s t e m s  a s  w e l l  a s  t h e  m a r g i n a l  
w a t e r  c o s t s  d i s t r i b u t e d  g e o g r a p h i c a l l y .  The r e g i o n a l  w a t e r  
r e s o u r c e  model below c o n s i s t s  o f  t h e  two i n t e r c o n n e c t e d  
sys t ems :  w a t e r  s u p p l y  and  w a t e r  q u a l i t y  management. Many 
g e n e r a l  s t a t e m e n t s  a r e  implemented f o r  t h e  S i l i s t r a  Case 
S tudy  and  s u b m i t t e d  i n  t h e  c o n c l u s i v e  s e c t i o n .  
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AN APPROACH TO THE CONSTRUCTION OF THE REGIONAL WATER 
RESOURCE MODEL 
I. INTRODUCTION 
There exist many kinds of water resource (WR) models that 
are distinguished mainly by the types of problem to be solved. 
Each model reflects the specific situation that needs to be 
analyzed (size of the territory; the number of rivers, lakes 
and possible reservoirs; static and dynamic considerati.on of 
the problem; the use of a deterministic or stochastic approach; 
and so on). 
It is rather reasonable to include the water resource model 
into the system of regional models. Such a WR model must meet 
some specific requirements corresponding to the particularities 
of the regional problems, which need to be solved on a different 
level of analysis. 
If we consider interregional problems, then the average 
data showing the cost of one cubic meter of water consumption 
can be used. Yet if the intraregional problems are under 
analysis then one needs to know not only the average data but 
also the marginal costs of consumption in each subregion (dis- 
trict) and at the same time, one needs to be sure that this 
water consumption is admissible while taking into account 
the withdrawal and discharge of water. The similar set of 
questions arises when analyzing the regional costs associated 
with the water quality management. 
It is necessary to mention that regional analysis requires 
detailed data in terms of season (of consumption), space, time 
(years), etc. and that the WR model needs to be used only as 
a subsystem in the general scheme of regional models and at 
the same time should not be oversophisticated, but operational. 
Therefore the authors were forced to formulate their own ver- 
sion of a water resource model rather than to use one already 
deve loped .  The e l a b o r a t i o n  o f  t h i s  model h a s  n o t  a n  o b j e c t  
t o  compete w i t h  more d e t a i l e d  and s o p h i s t i c a t e d  w a t e r  s u p p l y  
o r  p o l l u t i o n  mode l s ,  b u t  i s  o r i e n t e d  t o  making a  s u f f i c i e n t l y  
d e t a i l e d  d e s c r i p t i o n  o f  w a t e r  p roblems which need t o  b e  
i n c l u d e d  i n  a  more g e n e r a l  s y s t e m  o f  r e g i o n a l  models .  
11. PLACE OF THE WATER RESOURCE MODEL I N  THE GENERAL SCHEME 
I n  t h e  p a s t  y e a r  and  a  h a l f ,  IIASA s c i e n t i s t s  have  been  
working  on  t h e  c o n s t r u c t i o n  o f  a  s y s t e m  o f  models  f o r  r e g i o n a l  
deve lopment  ( R D ) .  T h i s  s y s t e m  i s  o r i e n t e d  t o w a r d s  a  m u l t i - s t a g e  
app roach  t o  t h e  s o l u t i o n  o f  r e g i o n a l  p roblems and i n c l u d e s  many 
b l o c k s  which need  t o  b e  combined i n t o  one  s y s t e m  (see F i g u r e  1 ) .  
A s  c a n  be  s e e n ,  t h i s  s y s t e m  c o n s i s t s  o f  a  h i e r a r c h y  o f  models .  
I t  b e g i n s  w i t h  t h e  model o f  r e g i o n a l  s p e c i a l i z a t i o n  (on  L e v e l  I )  
c o n t i n u e s  w i t h  t h e  l o c a t i o n  o f  s e c t o r a l  a c t i v i t i e s  (on  Leve l  11) 
l a b o r ,  c a p i t a l ,  income and e x p e n d i t u r e  b a l a n c e  (on  L e v e l  111), 
and e n d s  w i t h  model o f  s e t t l e m e n t s  and  p o l l u t i o n  (on L e v e l  I V ) .  
I t  i s  i m p o r t a n t  t o  n o t e  h e r e  t h a t  t h e  w a t e r  s u p p l y  problem 
is  a n a l y z e d  a f t e r  t h e  c h o i c e  o f  r e g i o n a l  s p e c i a l i z a t i o n  i s  made. 
T h i s  c h o i c e  s h o u l d  b e  made on  two d i f f e r e n t  l e v e l s :  f o r  t h e  
r e g i o n  a s  a  whole ,  and  f o r  e a c h  s u b r e g i o n  ( d i s t r i c t ) .  I t  means 
t h a t  d u r i n g  one  i t e r a t i o n  (which i n c l u d e s  b o t h  L e v e l  I and 
Leve l  11) f o r  w a t e r  s u p p l y  models  o f  d i f f e r e n t  c o m p l e x i t i e s  (re- 
t i o n a l  and s u b r e g i o n a l )  t h e  w a t e r  demand i s  known and f i x e d .  The 
p a r t i c u l a r i t i e s  o f  i n t r a r e g i o n a l  w a t e r  demand a n a l y s i s  c o n s i s t s  
i n  t h e  i n t e r d e p e n d e n c y  o f  w a t e r  c o s t s  i n  d i f f e r e n t  s u b r e g i o n s .  
I f  w a t e r  consumpt ion  i n  o n e  s u b r e g i o n  i s  changed one  c a n n o t  b e  
s u r e  t h a t  t h e  s y s t e m  o f  w a t e r  s u p p l y  c o s t s  i n  a l l  s u b r e g i o n s  
would n o t  b e  changed .  And what  i s  more, one  c a n  b e  s u r e  t h a t  i n  
a  g e n e r a l  c a s e ,  t h e y  have  t o  change .  
The main f e a t u r e  of o u r  app roach  i s  t h e  s i m u l t a n e o u s  
a n a l y s i s  o f  w a t e r  s u p p l y  c o s t s  i n  a l l  s u b r e g i o n s  ( d i s t r i c t s )  
r a t h e r  t h a n  t h e  c o s t - b e n e f i t  a n a l y s i s  o f  a  p a r t i c u l a r  sub-  
r e g i o n  o r  a  p a r t i c u l a r  consumer.  But  f o r  e a c h  s u b r e g i o n  ( a n d ,  
r e s p e c t i v e l y ,  f o r  e a c h  consumer)  t h e  c o s t s  o f  w a t e r  a r e  assumed 
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t o  b e  o b t a i n e d  and implemented f o r  t h e  c h o i c e  o f  s u b r e g i o n a l  
s p e c i a l i z a t i o n  and economic growth .  
The chosen  sequence  o f  a n a l y s i s  c a l l s  f o r  d i f f e r e n t  t y p e s  
o f  d a t a  c o n c e r n i n g  Water s u p p l y .  On t h e  f i r s t  l e v e l ,  when t h e  
c h o i c e  o f  r e g i o n a l  s p e c i a l i z a t i o n  i s  c o n s i d e r e d ,  one  needs  d a t a  
f o r  t h e  r e g i o n  a s  a  whole and t h e  a v e r a g e  c o s t  f o r  w a t e r  con- 
sumpt ion  ( p e r  c u b i c  m e t e r )  can  be  used .  
On t h e  second  l e v e l ,  when t h e  problem o f  i n t r a r e g i o n a l  
l o c a t i o n  i s  c o n s i d e r e d ,  one  needs  t o  know n o t  o n l y  t h e  c o s t s  
o f  w a t e r  consumpt ion  i n  d i f f e r e n t  s u b r e g i o n s ,  b u t  a l s o  what 
maximum q u a n t i t i e s  o f  w a t e r  withdrawn a r e  a v a i l a b l e  and how 
s t a b l e  a r e  t h e  c o s t s  o f  w a t e r  s u p p l y  i n  e a c h  s u b e r g i o n  
( d i s t r i c t ) .  
From t h e  above-mentioned t h e  f o l l o w i n g  r e q u i r e m e n t s  t o  
t h e  w a t e r  s u p p l y  (WS) model c a n  b e  f o r m u l a t e d :  
For t h e  r e g i o n  a s  a whoZe: 
a )  a v e r a g e  c o s t  p e r  one  c u b i c  m e t e r  o f  w a t e r  consumpt ion  
(which i s  m o s t l y  needed  f o r  some p r e l i m i n a r y  and  a d d i t i o n a l  
c a l c u l a t i o n s ,  as f o r  example ,  i n t e r r e g i o n a l  c o m p a r i s o n s ) ;  
b )  maximum a v a i l a b l e  water f o r  consumpt ion ;  
C )  maximum a v a i l a b l e  w a t e r  f o r  w i t h d r a w a l  ( i f  t h i s  i s  n e c e s s a r y  
f o r  a p a r t i c u l a r  r e g i o n ) ;  and 
d )  t h e  t o t a l  e x p e n s e s  f o r  t h e  water s u p p l y .  
For each  s u b r e g i o n :  
a )  cost p e r  o n e  c u b i c  meter o f  water consumpt ion ;  
b )  maximum a v a i l a b l e  water f o r  consumpt ion  f o r  e a c h  s u b r e g i o n  
o r  several s u b r e g i o n s ;  and 
c)  maximum a v a i l a b l e  water f o r  w i t h d r a w a l  f o r  e a c h  s u b r e g i o n  
o r  several s u b r e g i o n s  ( i f  n e c e s s a r y ) .  
The ana logous  i n f o r m a t i o n  s h o u l d  be o b t a i n e d  by s o l v i n g  
t h e  problem o f  t h e  r e g i o n a l  w a t e r  q u a l i t y  management. Main ly ,  
t h i s  i s  t h e  c o s t s  a s s o c i a t e d  w i t h  t h e  ma in tenance  o f  t h e  p r o p e r  
w a t e r  q u a l i t y  i n  a  r e g i o n  and t h e i r  dependence on t h e  geograph i -  
c a l  l o c a t i o n  o f  wastewater d i s c h a r g e s .  
I t  i s  c l e a r  t h a t  d e v e l o p i n g  such  a  sys t em o f  models i s  a  
l o n g  and t ime-consuming p r o c e s s .  Thus,  i n  a  f i r s t  s t a g e  o f  
a n a l y s i s ,  i n  acco rdance  w i t h  t h e  n a t u r e  o f  t h e  Notec (Po land)  
and S i l i s t r a  ( B u l g a r i a )  r e g i o n a l  problems,  it i s  p lanned  t o  
o r g a n i z e  t h e  c o o r d i n a t i o n  o f  t h e  f o l l o w i n g  f o u r  models :  ( 1 )  
r e g i o n a l  i n d u s t r y ;  ( 2 )  r e g i o n a l  a g r i c u l t u r e ;  ( 3 )  r e g i o n a l  w a t e r  
s u p p l y ;  and ( 4 )  a  model t o  e s t i m a t e  t h e  f u t u r e  r e g i o n a l  l a b o r  
r e s o u r c e s .  
Though t h i s  scheme o f  models i s  much s i m p l e r  t h a n  t h e  
above ,  t h e  r o l e  o f  t h e  WS model i s  i n  p r i n c i p l e  t h e  same. 
T h e r e f o r e ,  t h e  e f f o r t s  t o  r e s o l v e  t h e  p r a c t i c a l  problems of  
Notec and S i l i s t r a  w i l l  s e r v e  a t  t h e  same t i m e  a s  a  b a s i s  f o r  
t h e  c o n s t r u c t i o n  o f  a  more comprehensive sys t em o f  models .  
111. STRUCTURE AND PROBLEMS OF THE REGIONAL WATER RESOURCE 
MODEL 
W e  do n o t  h e r e  p r e t e n d  t o  encompass a l l  o f  t h e  problems 
a r i s i n g  i n  w a t e r  u s e  model ing i n  a  r e g i o n a l  c o n t e x t .  The main 
c o n s i d e r a t i o n  i s  t o  a s s e s s  t h e  w a t e r  r e s o u r c e  f a c t o r  i n  
r e g i o n a l  development  r a t h e r  t h a n  t o  d e v e l o p  a c a l c u l a t i o n  
t e c h n i q u e  f o r  a  complex w a t e r  economy sys tem.  
I t  s h o u l d  be  n o t e d  t h a t  t h e r e  e x i s t  many we l l -deve loped  
methods f o r  t h e  c a l c u l a t i o n  o f  w a t e r  economy sys t em,  i n  p a r t i -  
c u l a r  i n  t h e  USA, t h e  USSR, and  i n  Canada [ I - 8 1 .  I n  e s s e n c e ,  
t h e s e  methods a r e  r a t h e r  c o m p l i c a t e d  i n  o r d e r  t o  be  used  i n  t h e  
i t e r a t i v e  P r o c e s s  o f  s e a r c h  f o r  t h e  b e s t  RD a l t e r n a t i v e .  A t  
t h e  same t i m e ,  t h e y  do  n o t  c o v e r  a l l  t h e  q u e s t i o n s  a r i s i n g  i n  
model ing  t h e  r e g i o n a l  w a t e r  u s e  such  a s  t a k i n g  i n t o  a c c o u n t  
t h e  dynamics o f  w a t e r  s u p p l y  sys tem d u r i n g  t h e  p l a n n i n g  p e r i o d ,  
d e t e r m i n i n g  t h e  s p e c i f i c  w a t e r  c o s t s  d i s t r i b u t e d  o v e r  s p a c e  and  
t i m e ,  etc .  S p e c i f i c a l l y ,  t h e s e  methods c o u l d  be  a p p l i e d  t o  t h e  
o n l y  RD a l t e r n a t i v e  t h a t  i s  b e s t .  
The major  p a r t  o f  t h i s  p a p e r  i s  r e s t r i c t e d  t o  a  deve lop-  
ment o f  s t r u c t u r e  and a  s t a t e m e n t  o f  problems f o r  t h e  r e g i o n a l  
WR model and d o e s  n o t  c o n t a i n  t h e  a l g o r i t h m s  f o r  t h e i r  s o l u t i o n .  
Many s t a t e m e n t s  a r e  implemented i n  t h e  c o n c l u d i n g  s e c t i o n  con- 
c e r n i n g  t h e  deve lopment  o f  a  w a t e r  s u p p l y  s y s t e m  f o r  t h e  
S i l i s t r a  c a s e  s t u d y .  
The main g o a l  o f  RD modeling i s  t o  d e t e r m i n e  t h e  l o c a t i o n  
and development  l e v e l  f o r  r e g i o n a l  p r o d u c t i o n  u n i t s .  Undoubtedly,  
w a t e r  r e s o u r c e s  c a n  b e  o f  e s s e n t i a l  impor t ance  i n  r e g i o n a l  p l a n -  
n i n g .  A t  t h i s  p o i n t ,  t h e  r e g i o n a l  p l a n n e r  i s  i n t e r e s t e d  n o t  s o  
much i n  what  t h e  r e g i o n a l  w a t e r  s u p p l y  o r  was tewa te r  t r e a t m e n t  
sys tem s h o u l d  b e ,  a s  i n  what t h e  i n f l u e n c e  o f  w a t e r  r e s o u r c e  
a v a i l a b i l i t y  i s  on  r e g i o n a l  development .  Of c o u r s e ,  r e g i o n a l  
development  i s  d e t e r m i n e d  n o t  o n l y  by w a t e r  r e s o u r c e s .  Hence, 
t h e  main i d e a  o f  o u r  approach  f o l l o w s ,  namely, t h e  WR model i s  
p r e s e n t e d  a s  a  submodel i n  t h e  r e g i o n a l  sys t em o f  models ,  working 
i n t e r a c t i n g l y .  I n  o t h e r  words ,  t h e  WR model i s  n o t  i ndependen t  
and i s  s u b o r d i n a t e d  t o  t h e  s p e c i f i c  r e q u i r e m e n t s  o f  r e g i o n a l  
p l a n n i n g .  
The s e a r c h  f o r  t h e  b e s t  RD a l t e r n a t i v e  i s  supposed  t o  h e  
r e a l i z e d  by means o f  a  d i r e c t e d  reset o f  t h o s e .  Tha t  i s  why 
t h e  b a s i s  o f  c o n s t r u c t i n g  t h e  WR model i s  t h e  e x a c t  w a t e r  
economy a n a l y s i s  o f  some RD a l t e r n a t i v e .  On t h e  o t h e r  hand ,  
t h e  WR model,  below,  s h o u l d  p r o v i d e  t h e  recommendat ions f o r  
a  c h o i c e  o f  t h e  n e x t  RD a l t e r n a t i v e .  
1. INITIAL DATA 
---------------- 
L e t  some r e g i o n  b e  set  up w i t h  t h e  s o u r c e  o f  i t s  w a t e r  
r e s o u r c e s  b e i n g  one  o r  more r i v e r  sys t ems .  While c o n s t r u c t i n g  
t h e  WR model ,  l e t  u s  p r o c e e d  from t h e  f o l l o w i n g  a s sumpt ions :  
1.  The g e o g r a p h i c a l  d i v i s i o n  o f  t h e  r e g i o n  i n t o  a  number o f  
d i s t r i c t s  (i = 1 , .  . . , n )  i s  set  up (see F i g u r e  2 ) .  I n  
e s s e n c e  it i s  a p r i o r i  a g g r e g a t i n g  o f  a  l a r g e  d imens ion  
sys t em s u c h  a s  t h e  whole r e g i o n .  Each d i s t r i c t  can  i n -  
c l u d e  d i f f e r e n t  k i n d s  o f  p r o d u c t i o n  u n i t s  b u t  i s  c h a r a c -  
t e r i z e d  by i n d i v i s i b l e  w a t e r  economy c h a r a c t e r i s t i c s .  

The regional inflows, a in number, being watercourses or 
tributaries, are given. This means that for each inflow j, 
the sequence of historical or synthetic streamflows {qs (T) ) 
3 
(s = 1 ,  ..., N) is specified. Everywhere argument T corres- 
ponds to a change of timeduring the year, and s is the 
number of a year in the sequence of streamflows. In other 
words, qs (T) is the hydrograph recorded in the regional 
I 
input site of tributary j and corresponding to the s-th 
year in streamflow sequence. 
3. The regional outflows, B in number, are given. More pre- 
cisely, the lower limits rl (T) , . . .r (T) of the regional B 
outflows are specified. 
4. The on-site runoff is given so that each district i is 
characterized by the only inflow fi (see Figure 2). Speci- 
fically, for each district i, the sequence of historical 
inflows {f:(r)~ (s = 1, ... ,n) is specified. 
5. The possible locations (sites) of reservoirs and their 
maximum useful capacities V are given. The costs asso- i 
ciated with the creation of reservoirs are supposed to be 
known functions E. (V.) of their useful capacities. 
1 1  
6. The choice of a water supply system is determined mainly 
by the water requirements and does not depend on the 
water pollution level. 
7. The planning horizon T is equal to 15-20 years. During 
the planning time period [O,T] the production and reser- 
voir capacities arising once, are not changed. 
Below, we confine ourselves to the deterministic state- 
ment of the problem and consider all sequences of flows as 
coordinated, i.e. corresponding to the same set of years. 
2. LINKAGE OF THE WR AND RD MODELS 
................................... 
As a submodel in the system of RD models, the WR model 
should work in interaction with them. Such an interaction is 
organized as follows. The input data for the WR model from the 
RD models are the water demands and the water treatment cost 
functions which are spatially distributed and correspond to 
different kinds of production units. Each district, taken 
separately, is considered as an indivisible production complex 
having the aggregate water economy characteristics. Moreover, 
they are distributed in time during the planning period [O,T]. 
The WR model processing this input data according to its 
inner algorithms should answer the following questions: 
a) Is it possible to provide the water required? 
b) What are the total costs associated with the creation of 
a regional water supply system? 
c) What are the unit district water costs? 
dl What are the total costs associated with regional 
water treatment? 
el What are the unit district costs of wastewater treatment? 
Actually, the answers to these questions are the WR model 
outputs. The unit district costs, above, are necessary in 
order to pass on to the next RD alternative. 
Obviously, the assigned links with the RD model essentially 
influence the WR model structure. In a general form, the struc- 
tural scheme of the WR model is shown in Figure 3. 
3. PRELIMINARY DESCRIPTION AND PROBLEMS OF THE WR MODEL 
........................................................ 
Let some RD alternative be given. If the intradistrict 
location scheme is chosen, all water users of a district can 
be characterized according to the total water demand, con- 
sumption and pollution as an indivisible production complex. 
The problem of the intradistrict location of water users is 
supposed to be solved separately for each district beforehand 
and independently of the general regional problems. In doing 
so, it is necessary to take into account the within-year non- 
uniformity of water economy characteristics of the different 
water users. For example, irrigated agriculture, fish produc- 
tion, water transportation and population are rather non-uniform 
within the year for the water requirements. As a result, for 

each district we can obtain the aggregate water economy 
characteristics. Such an aggregation allows the simulation 
(from the water economy point of view) of a whole district 
as a point in a river system. 
As is obvious from the structural scheme, the WR model 
consists of two interconnected systems: water supply and 
management for water quality. However, from assumption 6 
it follows that this connection is one-sided, so that the 
creation of a regional water supply system does not depend 
on the water pollution level. It enables the description of 
a water supply system independently of problems of water 
quality management. 
A. Water Supply System 
Thus, giving some RD alternative implies specifying the 
water demands {wi(r,t)} and consumption-withdrawal ratios 
{hi(r,t) 1 both distributed in space and time. Spatial distri- 
bution is characterized by index i (the district number). 
Argument t [O,Tl , the number of a year, reflects the dynamics 
of water economy characteristics in the planning period. 
For example, w(r,t) is the value of variable w at time r in 
year t. 
The main task of WR modeling consists in assessing the 
dynamic water demands {wi(r,t), hi(r,t)} from the point of view 
of their feasibility and the costs associated with the creation 
of an adequate water supply system. It is expedient to divide 
this problem into a number of stages. The main stage is the 
assessment of the final water demands {wi (r) , hi (r) 1, corres- 
ponding to t = T. Everywhere w. (r) = wi (r, t) and Ai ( T )  = A (r ,T) 
1 
by definition. 
The first question from the above concerns the possibility 
of meeting the given water demands {w(r), Ai(r)}. The rough 
1 
answer to this question can be obtained on the basis of analyzing 
the water balances in a river network; this will be the necessary 
conditions rather than the exact solution of the feasibility 
problem for water demands {wi (r) , hi (r) 1. 
L e t  u s  i l l u s t r a t e  t h i s  s t a t emen t  by a  s p e c i f i c  example. 
For s i m p l i f i c a t i o n ,  assume t h e  r eg ion  ha s  t h e  on ly  r i v e r  sys tem,  
a in f lows  and one ou t f l ow  (see Figu re  4 ) .  W e  numerate a l l  n  
d i s t r i c t s  i n  t h e  o r d e r  i n  which t hey  a r e  l o c a t e d  on t h e  t r i b u -  
t a r i e s  and r i v e r  r e aches .  Le t  ni and m be t h e  s e r i a l  numbers j 
of  t h e  l a s t  d i s t r i c t s  l o c a t e d  on t h e  i - t h  t r i b u t a r y  and j - t h  
r i v e r  r e ach ,  r e s p e c t i v e l y ,  s o  t h a t :  
I n t ro d u ce  t h e  fo l l owing  n o t a t i o n s :  
1  
- - 1 1 qj ( r ) d r  - normal annua l  runof f  i n  t h e  
i n p u t  s i t e  o f  t r i b u t a r y  j ;  
1  N 1  
- Fi - - 1 1 f f  ( r ) d ~  - normal annua l  o n - s i t e  runof f  
s = l  0 
i n  d i s t r i c t  i; 
- mean annual  wa te r  demand of 
d i s t r i c t  i; 
1  
h i  ( r )  wi ( T )  d r  - mean annual  consumption-with- " = - 1  
'i o drawal  r a t i o  f o r  d i s t r i c t  i. 
Using t h e  ba l ance  r e l a t i o n s  i n  t h e  r i v e r  network and 
o m i t t i n g  t h e  i n t e r m e d i a t e  c a l c u l a t i o n s  w e  can w r i t e  t h e  
fo l lowing  c o n s t r a i n t s :  
For districts located on tributaries: 
Figure 4 
Numeration Scheme of Districts in the One-River-Basin Regions 
For d i s t r i c t s  l o c a t e d  o n  r i v e r  r e a c h e s :  
For t h e  r e g i o n a l  o u t f l o w :  
A n e c e s s a r y  c o n d i t i o n  f o r  t h e  g i v e n  w a t e r  demands t o  b e  
p r o v i d e d  i s  t h a t  t h e i r  mean a n n u a l  v a l u e s  {W ,Ai) s a t i s f y  t h e  i 
set  o f  i n e q u a l i t i e s  ( 1 - 3  T h e o r e t i c a l l y ,  i n  t h i s  c a s e ,  it 
i s  p o s s i b l e  t o  c r e a t e  an  a d e q u a t e  r e g i o n a l  w a t e r  s u p p l y  sys t em.  
However, t h i s  i s ,  i n  p r a c t i c e ,  a  more c o m p l i c a t e d  m a t t e r .  
Indeed ,  r e l a t i o n s  ( 1  ) - ( 3 )  do n o t  t a k e  i n t o  a c c o u n t  t h e  uppe r  
l i m i t s  f o r  t h e  v a l u e s  o f  r e g u l a t e d  f l o w  f o r  a t  l e a s t  some 
s i tes  i n  a  r i v e r  b a s i n ,  Such l i m i t s  a r e  a s s o c i a t e d  w i t h  t h e  
o n - s i t e  t o p o g r a p h i c a l  o r  e n v i r o n m e n t a l  c o n d i t i o n s  and c a n  even  
o r i g i n a t e  f rom t h e  economic c o n s t r a i n t s .  So ,  s t r i c t l y  s p e a k i n g ,  
s a t i s f y i n g  t h e  r e l a t i o n s  ( 1 ) - ( 3 )  i s  n o t  s u f f i c i e n t  f o r  t h e  
e x i s t e n c e  o f  a  w a t e r  s u p p l y  sys t em mee t ing  t h e  r e g i o n a l  w a t e r  
demands. N e v e r t h e l e s s ,  w e  c o n f i n e  t h e  a n a l y s i s  o f  t h e  f e a s i b i -  
l i t y  o f  t h e  w a t e r  demands { w i ( r ) ,  A i ( - r )  1 by c h e c k i n g  t h e  inequa -  
l i t i e s  ( 1 ) - ( 3 ) ,  e s p e c i a l l y  s i n c e  i n  t h e  n e x t  s t a g e  w e  w i l l  
choose  a c e r t a i n  r e g i o n a l  water s u p p l y  sys t em.  
If t h e  w a t e r  demands { w i ( r ) ,  A i ( - r ) )  are f e a s i b l e ,  t h e r e  
e x i s t  many a d e q u a t e  water s u p p l y  s y s t e m s  d i s t i n g u i s h e d  f rom 
e a c h  o t h e r  by t h e  d i f f e r e n t  v a r i a n t s  f o r  c r e a t i n g  a  s t o r a g e  
r e s e r v o i r s  sys tem.  
I t  i s  now t i m e  t o  s t a t e  t h e  second  q u e s t i o n  c o n c e r n i n g  t h e  
economic a s s e s s m e n t  o f  f e a s i b l e  w a t e r  s u p p l y  s y s t e m s .  It i s  
h i g h l y  r e a s o n a b l e  t o  c h o o s e  t h e  b e s t  among them, p r o c e e d i n g  
from t h e  m i n i m i z a t i o n  o f  t o t a l  c o s t s  a s s o c i a t e d  w i t h  t h e  c r e a -  
t i o n  o f  a  r e g i o n a l  w a t e r  s u p p l y  sys t em.  
Problem 1 .  L e t  w a t e r  demands { w i ( r ) ,  h i ( r ) } ,  t h e  pos- 
s i b l e  l o c a t i o n s  f o r  r e s e r v o i r s  and t h e i r  maximal u s e f u l  capa-  
c i t i e s  { t i }  b e  g i v e n .  F i n d  t h e  f e a s i b l e  r e s e r v o i r s  sys t em 
{vi}  f o r  which t h e  t o t a l  c o s t s  E = E i ( V i )  a s s o c i a t e d  w i t h  
i= 1i t s  c r e a t i o n ,  have  a  minimum. 
For  t h e  p r e s e n t  w e  c o n f i n e  o u r s e l v e s  s o l e l y  t o  t h e  s t a t e -  
ment o f  such  a n  o p t i m i z a t i o n  problem. Note however,  t h a t  con- 
s i d e r i n g  t h e  t i m e - d i s c r e t e  ana logy  f o r  Problem 1 ,  w e  c a n  r e d u c e  
it t o  a  problem o f  n o n l i n e a r  programming. From t h e  p r a c t i c a l  
p o i n t  o f  v i ew,  t h i s  i s  a  good a p p r o x i m a t i o n  f o r  t h e  i n i t i a l  
t ime-con t inuous  Problem 1 and i t s  n u m e r i c a l  s o l v a b i l i t y  depends  
o n l y  on t h e  c o n v e x i t y  p r o p e r t i e s  o f  c o s t  f u n c t i o n s  Ei(Vi) and  
t h e  d imens ion  o f  t h e  problem. 
So f a r ,  w e  have  d e a l t  w i t h  t h e  a s s e s s m e n t  o f  t h e  r e g i o n a l  
w a t e r  s u p p l y  s y s t e m  c o r r e s p o n d i n g  t o  t h e  end  o f  t h e  p l a n n i n g  
p e r i o d  t = T.  A s i m i l a r  a n a l y s i s  o f  t h e  c o n s i d e r e d  RD a l t e r n a -  
t i v e  c a n  a l s o  b e  c a r r i e d  o u t  a t  e v e r y  t i m e  t € ( O , T ) .  F o r  a l l  
t T t h e  problem o f  t h e  f e a s i b i l i t y  o f  water demands 
w i t  , h i ( ~ , t ) )  h a s  a  t r i v i a l  s o l u t i o n  i n  t h e  f o l l o w i n g  
s e n s e .  On t h e  s t r e n g t h  o f  a s sumpt ion  7 ,  t h e  f e a s i b i l i t y  o f  
r e g i o n a l  w a t e r  demands a t  t i m e  t = T e n t a i l s  t h e  f e a s i b i l i t y  
o f  t h e s e  a t  e v e r y  t i m e  t < T .  Thus,  it i s  n o t  n e c e s s a r y  t o  
a n a l y z e  t h e  f e a s i b i l i t y  o f  w a t e r  demands w ( t )  A i ( r , t ) }  
f o r  a l l  t < T. 
A t  t h e  same t i m e ,  t h e r e  r ema ins  t h e  u n c e r t a i n t y  o f  t h e  
deve lopment  o f  t h e  r e g i o n a l  w a t e r  s u p p l y  s y s t e m  on t i m e  i n t e r -  
v a l  t € ( T , O ) ,  o r  i n  o t h e r  words ,  what  t h e  f u n c t i o n s  V i ( t ) ,  
i = l , . . . , n )  a r e .  So f a r ,  w e  o n l y  know t h e  boundary  v a l u e s  
f o r  them: { V i ( 0 ) }  as t h e  i n i t i a l  s ta te  o f  t h e  r e s e r v o i r s  
s y s t e m  and  { v . ( T ) }  as t h e  s o l u t i o n  t o  Problem 1 .  Assume e a c h  
1 
r e s e r v o i r  ( a s  a  r e g u l a t o r  o f  f l o w )  i s  p u t  i n t o  o p e r a t i o n  o n l y  
a f t e r  t h e  c o m p l e t i o n  o f  i t s  c o n s t r u c t i o n  and i t s  c o m p l e t e  
f i l l i n g .  A s  b e f o r e ,  w e  g i v e  p r e f e r e n c e  t o  t h e  economic cr i -  
t e r i o n  d u r i n g  t h e  whole p l a n n i n g  p e r i o d .  F o r  g e n e r a l i t y ,  
f o r m u l a t e  t h e  problem o f  d e t e r m i n i n g  t h e  w a t e r  s u p p l y  s y s t e m  
on  t i m e  i n t e r v a l  ( 0 , T )  a s  f o l l o w s .  
Problem 2 .  Let  t h e  s t a t e s  {Vi ( t l )  } and {Vi (t2) } o f  t h e  
r e s e r v o i r s  sys tem be known. For  some t i m e  t €  (tl  , t2)  f i n d  t h e  
s t a t e  {v i  ( t )  1 s a t i s f y i n g  t h e  w a t e r  demands w T t , h i  ( T ,  t )  1 
n 
s o  t h a t  t o t a l  c o s t s  E ( t )  = 1 Ei[Vi (t) 1 a s s o c i a t e d  w i t h  t h e  
i= 1 
c r e a t i o n  o f  t h e  r e s e r v o i r s  sys tem have a  minimum. 
The s o l u t i o n  of  t h i s  problem e x i s t s  because  under assump- 
t i o n  7 ,  t h e  r e s e r v o i r s  sys tem {Vi ( t)  1 = {vi (t2) 1 i s  a b l e  t o  
s a t i s f y  t h e  w a t e r  demands {wi ( T ,  t )  , h i  ( T  , t )  1 .  Show t h a t  
Problem 2  i s  s i m p l e r  t h a n  Problem 1  and can  be reduced t o  t h e  
reset of  a  number o f  r e s e r v o i r s  sys tems .  Indeed ,  a c c o r d i n g  t o  
t h e  f o r e g o i n g ,  w e  c a n  e s t a b l i s h  t h e  f o l l o w i n g  p r o p e r t y :  
Vi (t)  = 0 o r  Vi ( t2)  f o r  a l l  i = 1 ,  ..., n ( 4  
and t < t2 . 
Denote by I t h e  se t  of  i n d e x e s  i f o r  which v i ( t 2 )  # 0 and 
V i ( t l )  = 0 s i m u l t a n e o u s l y .  Applying p r o p e r t y  ( 4 )  t o  p a i r  t l  
and t ,  w e  come t o  t h e  f o l l o w i n g  c o n c l u s i o n :  
vi (t)  = Vi (t2) f o r  a l l  i g ~  , 
V .  (t)  = 0 o r  V i ( t 2 )  
1 
f o r  a l l  i € I  . 
Thus, t h e  sys tem of  f u n c t i o n s  { V i ( t ) )  i s  n o t  de te rmined  
o n l y  on t h e  set  of  i n d e x e s  i € I ,  where each  V i ( t )  can  t a k e  on 
o n l y  two v a l u e s  0 o r  V i ( t 2 ) .  Giving t h e  f u n c t i o n s  V i ( t )  t h e  
v a l u e s  0 o r  V i ( t 2 )  f o r  a l l  i € I ,  w e  o b t a i n  a  f i n i t e  number o f  
v a r i a n t s .  By a n a l y z i n g  e a c h  of  them on s a t i s f y i n g  t h e  w a t e r  
demands {wi ( T ,  t )  hi  ( T  . t )  1 and c a l c u l a t i n g  t h e  t o t a l  c o s t s  
E ( t ) ,  w e  f i n d  t h e  s o l u t i o n  o f  Problem 2. 
So, i f  { v i ( t l ) }  and { v i ( t 2 ) }  a r e  known, t o  f i n d  { V i ( t ) l  
f o r  t l  < t < t2 o f f e r s  no d i f f i c u l t y .  I n  d o i n g  s o ,  w e  shou ld  
o b s e r v e  t h e  o n l y  c o n d i t i o n  on p o i n t s  t l  and t2: a t  any p o i n t  
t € ( t l f t 2 )  t h e  s t a t e  o f  t h e  r e s e r v o i r s  sys tem { v i ( t ) }  is  n o t  
known. Then, s t e p  by s t e p ,  w e  can  f i n d  f u n c t i o n s  V i ( t )  and 
E ( t ) .  That  i s  what i n  o u t l i n e  t h e  approach t o  d e t e r m i n i n g  t h e  
dynamics o f  t h e  r e g i o n a l  water s u p p l y  sys tem and t h e  t o t a l  
c o s t s  a s s o c i a t e d  w i t h  i t s  c r e a t i o n  is .  
A t  t h i s  p o i n t  t h e  e x a c t  w a t e r  economy a n a l y s i s  o f  a  g i v e n  
RD a l t e r n a t i v e  i s  o v e r .  However, t h e  RD model ing  i s  n o t  
e x h a u s t e d  by t h e  o n l y  RD a l t e r n a t i v e .  On t h e  c o n t r a r y ,  on t h e  
b a s i s  of  a  comprehens ive ,  b u t  n o t  s o l e l y  w a t e r  economy a n a l y s i s ,  
t h e  o t h e r  RD a l t e r n a t i v e - - b e t t e r  t h a n  t h e  p r e v i o u s  one--should 
be chosen .  I n  o r d e r  t o  jump t o  t h e  n e x t  RD a l t e r n a t i v e ,  t h e  WR 
model s h o u l d  g i v e  a d d i t i o n a l  i n f o r m a t i o n ,  i n  p a r t i c u l a r  t h e  
u n i t  d i s t r i c t  c o s t s  o f  w a t e r  which would p o i n t  o u t  t h e  common 
t endency  o f  t h e  s p a t i a l  r e d i s t r i b u t i o n  o f  r e g i o n a l  p r o d u c t i o n  
u n i t s .  
I t  i s  r e a s o n a b l e  t o  d e f i n e  t h e  u n i t  d i s t r i c t  w a t e r  c o s t s  
a s  m a r g i n a l  c o s t s  o f  w a t e r  r e s o u r c e s  i n  a c c o r d a n c e  w i t h  t h e  
f o l l o w i n g  p r o c e d u r e .  Vary ing  t h e  w a t e r  demands o n l y  i n  t h e  
k - t h  d i s t r i c t  and d e t e r m i n i n g  t h e  change o f  t o t a l  c o s t s  
a s s o c i a t e d  w i t h  t h e  c r e a t i o n  o f  t h e  w a t e r  s u p p l y  s y s t e m ,  w e  can  
c a l c u l a t e  t h e  u n i t  d i s t r i c t  c o s t  Ck s o u g h t .  D e f i n e  t h i s  n o t i o n  
more e x a c t l y .  
Fo r  t h i s ,  i n t r o d u c e  t h e  c o n c e p t  o f  t h e  p a r t i a l  v a r i a t i o n  
o f  w a t e r  demands {wi ( r  ) , h i  ( r  ) 1 a t  t h e  end  o f  t h e  p l a n n i n g  
p e r i o d  t = T .  Vary t h e  w a t e r  demands o n l y  i n  t h e  k - t h  d i s -  
t r i c t  by means o f  i n t r o d u c i n g  t h e  a d d i t i o n a l  w a t e r  consumption 
d i s t r i b u t e d  u n i f o r m l y  d u r i n g  t h e  y e a r  s o  t h a t  t h e  i n c r e m e n t s  
I f  t h e  c o n s t a n t  6 k  < 0 ,  t h e  v a r i e d  water demands 
{wi ( r )  + Awi ( T ) ,  X i  ( r )  + A h i  ( r )  1 ,  where wi ( r )  = A X i  ( T )  = 0  f o r  
a l l  i f k ,  a r e  f e a s i b l e .  Suppose t h e  same a l s o  h o l d s  s u b j e c t  
I t  i s  correct t o  s t a t e  Problem 1 f o r  t h e  v a r i e d  w a t e r  
demands. The s o l u t i o n  o f  s u c h  a  problem g i v e s  u s  t h e  minimum 
t o t a l  c o s t s  E '  which a r e  some f u n c t i o n  o f  tik. I f  t h e  f u n c t i o n  
E '  ( 6 k )  i s  d i f f e r e n t i a b l e ,  t h e  s t r i c t  d e f i n i t i o n  o f  t h e  u n i t  
w a t e r  c o s t  f o r  t h e  k - t h  d i s t r i c t  c a n  be  g i v e n  as f o l l o w s :  
The meaning o f  Ck c o n s i s t s  i n  t h e  f a c t  t h a t  t h e  a d d i t i o n a l  
i r r e v e r s i b l e  w a t e r  wi thdrawa l  e n t a i l s  t h e  a d d i t i o n a l  c o s t  Ck 
p e r  w a t e r  u n i t ,  and v i c e  v e r s a ;  t h e  n e t  s a v i n g  o f  w a t e r  c a u s e s  
t h e  e f f e c t  Ck p e r  w a t e r  u n i t .  
I f  f o r  d k  > 0  t h e  v a r i e d  w a t e r  demands a r e  n o t  f e a s i b l e ,  
one can  o n l y  speak  a b o u t  t h e  l e f t - s i d e  d e r i v a t i v e  2 ~ '  ( - 0 ) .  
A s  i n  t h e  p r e v i o u s  c a s e ,  t h i s  i s  t h e  u n i t  d i s t r i c t  c o s t  of 
w a t e r .  However, i n t r o d u c i n g  t h e  a d d i t i o n a l  w a t e r  consumption 
i n  t h e  k - t h  d i s t r i c t  i n  i n a d m i s s i b l e .  
I n  p r a c t i c e ,  i n  o r d e r  t o  c a l c u l a t e  t h e  d i s t r i c t  w a t e r  
cost C k ,  it i s  s u f f i c i e n t  t o  s o l v e  Problem 1 once  more w i t h  
t h e  v a r i e d  w a t e r  demands f o r  a  s m a l l  enough f i x e d  6 and t o  k  
u s e  t h e  approximate  formula :  
On t h e  s t r e n g t h  o f  t h e  s m a l l n e s s  o f  d k  it i s  p o s s i b l e  t o  
r e s o r t  t o  a n o t h e r  approach  based  on t h e  l i n e a r  a p p r o x i m a t i o n  
o f  Problem 1 w i t h  r e s p e c t  t o  p a r a m e t e r  b k .  T h i s  c a n  be  much 
s i m p l e r .  
I n  a c t u a l  f a c t ,  t h e  u n i t  d i s t r i c t  w a t e r  c o s t s  d e f i n e d  
above c o r r e s p o n d  t o  t h e  end o f  t h e  p l a n n i n g  p e r i o d  t = T. 
Analogous ly  t o  t h e  f o r e g o i n g  (see Problem 2 ) ,  w e  c a n  d e v e l o p  
t h e  p r o c e d u r e  o f  d e t e r m i n i n g  t h e  dynamic d i s t r i c t  w a t e r  c o s t s  
Ci (t)  a t  e v e r y  t i m e  t €  [0, T I  . 
The u n i t  d i s t r i c t  c o s t s  o f  w a t e r  { C i ( t ) }  c a r r y  r a t h e r  
u s e f u l  i n f o r m a t i o n  w h i l e  choos ing  t h e  n e x t  RD a l t e r n a t i v e ,  
namely, t h a t  it i s  p r e f e r a b l e  t o  l o c a t e  t h e  p r o d u c t i o n  w i t h  
a  h i g h e r  l e v e l  o f  w a t e r  demand i n  a  d i s t r i c t  w i t h  a  lower  
w a t e r  c o s t .  Note t h a t  t h e  d i s t r i c t  w a t e r  c o s t s  have  a  l o c a l  
c h a r a c t e r  and t h e r e f o r e  may e s s e n t i a l l y  depend on  t h e  d i s t r i c t  
development  l e v e l .  T h i s  means t h a t  t h e i r  u s e  i s  c o r r e c t  when 
two s e q u e n t i a l  RD a l t e r n a t i v e s  a r e  c l o s e  enough. 
B. Water Q u a l i t y  Management 
The e s s e n t i a l  development o f  a WR model c o n s i s t s  i n  t a k i n g  
i n t o  accoun t  w a t e r  p o l l u t i o n  i n  a r e g i o n .  The management of  
w a t e r  q u a l i t y  i n  a r i v e r  system i s  of  g r e a t  impor tance  i n  
p l a n n i n g  t h e  economic development of  r i v e r  r e g i o n s .  G e n e r a l l y  
speak ing ,  under  assumpt ion  6 ,  t h i s  problem i s  s o l v e d  indepen- 
d e n t l y  of  t h e  w a t e r  supp ly  problem. Here, w e  w i l l  p o i n t  o u t  
two approaches  t o  t h e  r e g i o n a l  management o f  w a t e r  q u a l i t y .  
One o f  t h e s e  i s  p u r e l y  normat ive ,  r e q u i r i n g  t h e  compulsory 
observance  o f  g i v e n  s t reamflow s t a n d a r d s  f o r  wa te r  q u a l i t y  i n  
d i f f e r e n t  s i tes  o f  a r i v e r  system. The o t h e r  approach i s  based 
o n l y  on t h e  economic assessment  of  wa te r  p o l l u t i o n  consequences.  
I t  does  n o t  mean t h a t  i n  t h i s  c a s e  w a t e r  q u a l i t y  s t a n d a r d s  a r e  
comple te ly  ignored .  R a t h e r ,  t h i s  approach can  be  used i n  e s t a -  
b l i s h i n g  t h e  economica l ly  j u s t i f i e d  s t a n d a r d s  f o r  w a t e r  q u a l i t y  
i n  t h o s e  r i v e r  s i tes  where such s t a n d a r d s  a r e  a b s e n t .  Each 
d i s t r i c t  i s  supposed t o  have i t s  own w a t e r  q u a l i t y  s t a n d a r d s ,  
i f  any.  
The was tewate r  t r e a t m e n t  is  c o n s i d e r e d  below a s  a main 
means o f  w a t e r  q u a l i t y  management. There fo re  t h e  problem i s  
t o  de te rmine  t h e  e f f i c i e n c i e s  of  was tewate r  t r e a t m e n t  i n  t h e  
d i f f e r e n t  d i s t r i c t s .  The o b j e c t i v e  f u n c t i o n  i s  s t r u c t u r e d  i n  
t e r m s  o f  c o s t s  a s s o c i a t e d  w i t h  wastewater  t r e a t m e n t  and u s e  of 
p o l l u t e d  w a t e r .  The l a t t e r  means b o t h  t h e  c o s t  o f  t h e  wi th-  
drawal  w a t e r  t r e a t m e n t  and t h e  c o s t  a s s o c i a t e d  w i t h  t h e  add i -  
t i o n a l  f a c i l i t i e s  f o r  t h e  d i r e c t  use  o f  p o l l u t e d  w a t e r .  I n  
a d d i t i o n ,  t h e  u n i t  d i s t r i c t  c o s t s  a s s o c i a t e d  w i t h  was tewate r  
t r e a t m e n t  a r e  i n t r o d u c e d .  
L e t  u s  s t a t e  t h e  problem more p r e c i s e l y .  C h a r a c t e r i z e  
t h e  q u a l i t y  o f  w a t e r  withdrawn i n  t h e  i - t h  d i s t r i c t  by v e c t o r  
yi of  p o l l u t a n t  c o n c e n t r a t i o n s .  Vector  yi shou ld  i n c l u d e  a l l  
o f  t h e  most i m p o r t a n t  p o l l u t a n t s  o r  even some groups  o f  them. 
By ui deno te  t h e  v e c t o r  of  c o n c e n t r a t i o n s  o f  t h e  same components 
i n  t h e  wastewater  d i s c h a r g e d  i n t o  r e c e i v i n g  w a t e r s  by t h e  i - t h  
d i s t r i c t .  I n t r o d u c e  t h e  concep t  of  c o s t  pi a s s o c i a t e d  w i t h  t h e  
use  o f  p o l l u t e d  w a t e r  and t h e  wastewater  t r e a t m e n t  i n  t h e  i - t h  
d i s t r i c t .  The w i t h d r a w a l  o f  p o l l u t e d  w a t e r  e n t a i l s  t h e  nec-  
c e s s i t y  i n  e i t h e r  t h e  t r e a t m e n t  o f  w a t e r  withdrawn o r  t h e  
c r e a t i o n  o f  some a d d i t i o n a l  f a c i l i t i e s  f o r  t h e  d i r e c t  u s e  o f  
p o l l u t e d  w a t e r  o r ,  most  p r o b a b l y ,  t h e  r e a s o n a b l e  combina t ion  
o f  b o t h .  I n  g e n e r a l ,  c o s t  pi depends  on t h e  q u a n t i t y  and 
q u a l i t y  of t h e  w i t h d r a w a l  and d i s c h a r g e  waters o f  t h e  i - t h  
d i s t r i c t :  
I n  a word, f u n c t i o n  pi  c h a r a c t e r i z e s  t h e  i - t h  d i s t r i c t  as 
a whole from t h e  p o i n t  o f  view o f  t h e  c o s t s  a s s o c i a t e d  w i t h  
w a t e r  p o l l u t i o n .  H e r e ,  w e  do n o t  c o n c e r n  o u r s e l v e s  w i t h  t h e  
i d e n t i f i c a t i o n  o f  f u n c t i o n  pi and o n l y  n o t e  t h a t  i t s  form 
depends  e s s e n t i a l l y  on  t h e  p r o d u c t i o n  s p e c i a l i z a t i o n  o f  a  d i s -  
t r i c t .  The f u n c t i o n s  {p i ]  SO i n t r o d u c e d  are i n p u t s  o f  t h e  WR 
model (see F i g u r e  3 ) .  
The problem o f  water q u a l i t y  management, d i s t i n c t  f rom 
t h e  w a t e r  s u p p l y  s y s t e m ,  i s  s o l v e d  f o r  c o n d i t i o n s  o f  a " d r y  
y e a r "  which is  d e t e r m i n e d  i n  a  s equence  o f  h i s t o r i c a l  stream- 
f low as a  y e a r  w i t h  a  g i v e n  r u n o f f  f r e q u e n c y .  T h i s  means t h a t  
i n  "wet  y e a r s "  t h e  p o l l u t i o n  l e v e l  i n  a  r i v e r  s y s t e m  w i l l  b e  
lower .  
G e n e r a l l y  s p e a k i n g ,  e a c h  d i s t r i c t  is  c h a r a c t e r i z e d  by two 
d i s t i n c t i v e  si tes:  f o r  w a t e r  w i t h d r a w a l  and  w a s t e w a t e r  d i s -  
c h a r g e .  I t  s h o u l d  b e  n o t e d  t h a t  w e  c a n  d i r e c t l y  change  t h e  
p o l l u t a n t  c o n c e n t r a t i o n s  {ui]  i n  d i s t r i c t s '  w a s t e w a t e r s  by  
p r o p e r l y  chang ing  t h e  e f f i c i e n c i e s  o f  t h e i r  t r e a t m e n t .  With 
r e g a r d  t o  w a t e r  q u a l i t y  y  i n  t h e  d i f f e r e n t  w i t h d r a w a l  s i tes ,  
w e  c a n  i n f l u e n c e  t h e s e  c o n c e n t r a t i o n s  o n l y  i n d i r e c t l y  by 
c h a n g i n g  {ui ] .  T h e r e f o r e ,  u  (be low)  a r e  i n t e r p r e t e d  as c o n t r o l  i 
p a r a m e t e r s .  
Some words s h o u l d  b e  s a i d  a b o u t  t h e  r e l a t i o n  between w a t e r  
q u a l i t y  i n  d i f f e r e n t  sites and  p o l l u t a n t  d i s c h a r g e s .  I n  r i v e r  
r e a c h e s  l o c a t e d  between t h e  d i s t i n c t i v e  s i tes  i n  d i f f e r e n t  
d i s t r i c t s ,  complex p h y s i c a l  and c h e m i c a l - b i o l o g i c a l  p r o c e s s e s  
o c c u r .  Here, t h e  well-known t e c h n i q u e s  f o r  w a t e r  q u a l i t y  
model ing c a n  be  used .  However, f o r  o u r  p u r p o s e s ,  t h e  model ing 
r e s u l t s  s h o u l d  be p r e s e n t e d  i n  a  somewhat n o n - t r a d i t i o n a l  form, 
namely t h a t  o f  t h e  e x p l i c i t  f u n c t i o n s  o f  p o l l u t a n t  d i s c h a r g e s .  
According t o  assumpt ion  6 ,  a l l  f l ows  i n  r i v e r  r e a c h e s ,  w a t e r  
w i t h d r a w a l s ,  and was tewa te r  d i s c h a r g e s  a r e  de te rmined  b e f o r e -  
hand,  w h i l e  d e v e l o p i n g  t h e  w a t e r  supp ly  sys t em,  and are now 
known. T h e r e f o r e ,  a t  same t i m e  T ,  t h e  p o l l u t a n t  c o n c e n t r a t i o n s  
i n  t h e  i - t h  d i s t r i c t  w i thd rawa l  s i t e  depend on t h e  p o l l u t a n t  
c o n c e n t r a t i o n s  o n l y  i n  t h o s e  d i s c h a r g e s  t h a t  a r e  l o c a t e d  up- 
s t r e a m ,  t h a t  is:  
Note t h a t  t h e s e  r e l a t i o n s  a c t u a l l y  s h o u l d  a l s o  i n c l u d e  t h e  
t i m e  d e l a y s  i n  r u n n i n g  t h e  f l o w s  from one  s i t e  t o  t h e  o t h e r .  
However, a t  s m a l l  rates o f  change i n  t h e  c o n c e n t r a t i o n s  ui,  
such  t i m e  d e l a y s  can  be o m i t t e d .  I t  s h o u l d  be  s t r e s s e d  t h a t  t h e  
r e l a t i o n  ( 7 )  c o r r e s p o n d s  t o  t h e  c o n d i t i o n s  of  a  d r y  y e a r .  
Assume t h a t  f u n c t i o n s  Qi a r e  known. S i n c e  t h e  w a t e r  
demands {wi ( r )  , h i ( r )  1 a t  t h e  end o f  t h e  p l a n n i n g  p e r i o d  t = T 
a r e  s p e c i f i e d ,  t h e  r e l a t i o n  ( 6 ) ,  t a k i n g  i n t o  a c c o u n t  e q u a t i o n  
( 7 )  f o r  y i ,  c a n  be r e w r i t t e n  a s  f o l l o w s :  
I n  o t h e r  words,  t h e  i - t h  d i s t r i c t  c o s t  a s s o c i a t e d  w i t h  
t h e  r e c e i v i n g  water p o l l u t i o n  a l s o  depends o n l y  on t h e  waste- 
w a t e r  d i s c h a r g e s  l o c a t e d  up-stream. 
W e  can now t u r n  t o  t h e  s t a t e m e n t  o f  t h e  o p t i m i z a t i o n  
problem c o n c e r n i n g  t h e  d e t e r m i n a t i o n  o f  was tewa te r  t r e a t m e n t  
e f f i c i e n c i e s  f o r  t h e  d i f f e r e n t  d i s t r i c t s .  A s  a s t a r t ,  l e t  u s  
suppose t h a t  t h e r e  are no c o n s t r a i n t s  on w a t e r  q u a l i t y  i n  t h e  
d i s t r i c t  w i thd rawa l  s i tes .  More s p e c i f i c a l l y ,  w e  t a k e  i n t o  
a c c o u n t  some o f  t h e s e  c o n s t r a i n t s  i n d i r e c t l y  by choos ing  t h e  
p r o p e r  form o f  t h e  c o s t  f u n c t i o n s  pi .  The c o n t r o l  p a r a m e t e r s  
ui (t) unknown, a r e  de te rmined  a s  f o l l o w s .  
Problem 3 .  Find  t h e  v e c t o r  f u n c t i o n s  u,  ( r )  , . . . ,un ( T )  of  
p o l l u t a n t  c o n c e n t r a t i o n s  i n  t h e  d i s t r i c t  w a s t e w a t e r s  s o  t h a t  
1  
t h e  t o t a l  a n n u a l  c o s t s  P  = 1 Y i  ( u l  ( T I  ,.. . ,un  ( T I  , r ) d r  
i = l  0  
a s s o c i a t e d  w i t h  t h e  r e c e i v i n g  w a t e r  p o l l u t i o n  have  a  minimum. 
I t  i s  n o t ,  i n  f a c t ,  a  problem f o r  c a l c u l u s  o f  v a r i a t i o n s .  
Indeed ,  it i s  e a s y  t o  see t h a t  Problem 3 i s  r educed  t o  t h e  f o l -  
lowing  problem o f  u n c o n s t r a i n e d  o p t i m i z a t i o n  w i t h  t h e  o n l y  
p a r a m e t e r  T :  a t  e v e r y  ~ € [ 0 , 1 1  f i n d  t h e  v a l u e s  o f  v e c t o r s  
n  
u l , . . .  
un 
f o r  Which t h e  f u n c t i o n  1 Y i ( u l , .  . . , U  , T )  h a s  a  n  
i= 1
minimum. Here, t h e  c l a s s i c a l  s e a r c h  and g r a d i e n t  methods f o r  
u n c o n s t r a i n e d  o p t i m i z a t i o n  can  be used .  
Now assume t h e  p r e d e t e r m i n e d  s t r e a m f l o w  s t a n d a r d s  f o r  
w a t e r  q u a l i t y  i n  t h e  d i s t r i c t  w i thd rawa l  s i tes  s h o u l d  be 
s t r i c t l y  o b s e r v e d .  I f  t h e  f u n c t i o n s  ( 7 )  a r e  found,  t h i s  means 
t h e  f o l l o w i n g  c o n s t r a i n t s  on t h e  c o n t r o l  p a r a m t e r s  u l ,  ..., un 
s h o u l d  h o l d :  
where Bi i s  a  v e c t o r  o f  t h e  maximal a d m i s s i b l e  c o n c e n t r a t i o n  
o f  p o l l u t a n t s  i n  t h e  i - t h  d i s t r i c t  w i thd rawa l  s i t e .  I n  t h i s  
c a s e  w e  can  f o r m u l a t e  t h e  ana logous  o p t i m i z a t i o n  problem. 
Problem 3 ' .  Among a l l  sys t ems  {ui ( r )  1 of  v e c t o r  f u n c t i o n s  
s a t i s f y i n g  t h e  c o n s t r a i n t s  ( 9 )  f i n d  t h a t  s y s t e m  f o r  which t h e  
n  1 
t o t a l  a n n u a l  c o s t s  P  = 1 / Yi(ul  ( T I  , . . . , u n  ( T )  , T ) ' d r  have  
i= 1 0  
a  minimum. 
The p o l l u t a n t  c o n c e n t r a t i o n s  u l ( - r ) ,  ..., u  (T) i n  w a s t e w a t e r s  
n  
and t h e  t o t a l  c o s t s  P  o b t a i n e d  a s  a  r e s u l t  o f  t h e  s o l u t i o n  o f  
Problem 3 o r  3 '  a r e  t h e  s o l u t i o n  o f  t h e  problem o f  r e g i o n a l  
management f o r  w a t e r  q u a l i t y .  T h i s  i s  an  a d d i t i o n a l  a s s e s s m e n t  
o f  t h e  c o n s i d e r e d  RD a l t e r n a t i v e  from t h e  w a t e r  p o l l u t i o n  p o i n t  
o f  view.  The t o t a l  a n n u a l  c o s t s  P a s s o c i a t e d  w i t h  t h e  r e c e i v i n g  
w a t e r  p o l l u t i o n  a r e  o f  s p e c i a l  i n t e r e s t  t o  r e g i o n a l  p l a n n e r s  and 
a r e  t h e r e f o r e  one o f  t h e  o u t p u t s  f o r  t h e  WR model.  I n  a d d i t i o n ,  
f o r  d e c i s i o n m a k i n g  on t h e  c h o i c e  o f  t h e  n e x t  RD a l t e r n a t i v e ,  it 
i s  n e c e s s a r y  t o  have  t h e  u n i t  d i s t r i c t  c o s t s  o f  w a s t e w a t e r  t r e a t -  
ment.  I n  d e f i n i n g  t h e s e ,  w e  u s e  t h e  same methodology t h a t  was 
employed f o r  t h e  d i s t r i c t  w a t e r  c o s t s .  
The c o n c e p t  o f  t h e  u n i t  d i s t r i c t  c o s t s  o f  w a s t e w a t e r  t r e a t -  
j ment i s  i n t r o d u c e d  s e p a r a t e l y  f o r  e a c h  p o l l u t a n t .  L e t  hk be  a  
w i t h i n - y e a r  c o n s t a n t  v a r i a t i o n  o f  t h e  j - t h  p o l l u t a n t  f l o w  i n  t h e  
k - t h  d i s t r i c t  w a s t e w a t e r .  T h i s  e n t a i l s  t h e  i n c r e m e n t  
i n  t h e  c o n c e n t r a t i o n  o f  t h e  j - t h  p o l l u t a n t  i n  t h e  (l-Xk)wk 
k - t h  d i s t r i c t  w a s t e w a t e r .  L e t  Rk be t h e  a d d i t i o n a l  w a t e r  t r e a t -  
ment c o s t  a s s o c i a t e d  w i t h  m a i n t a i n i n g  t h e  j - t h  p o l l u t a n t  concen-  
t r a t i o n  i n  w a s t e w a t e r  d i s c h a r g e d  by d i s t r i c t  k  o n  t h e  p r e v i o u s  
l e v e l  uk.  S i n c e  w ( T )  and h ( T )  a r e  known a t  some t i m e  T ,  t h e  k  k  
a d d i t i o n a l  c o s t  Rk depends  o n l y  on  h  and uk: k  
where wk i s  assumed t o  be  a  known f u n c t i o n  such  t h a t  wk(uk,O,-r)=O. 
I n  t h e  p r e s e n c e  o f  t h e  a d d i t i o n a l  s o u r c e  o f  p o l l u t a n t  j ,  it i s  
c o n v e n i e n t  t o  c h a r a c t e r i z e  t h e  k - t h  d i s t r i c t  by t h e  v a r i e d  c o s t  
f u n c t i o n  p; a s s o c i a t e d  w i t h  w a t e r  p o l l u t i o n :  
Thus,  i f  t h e  c o n c e n t r a t i o n  o f  t h e  j - t h  p o l l u t a n t  i n  t h e  k - th  
d i s t r i c t  w a s t e w a t e r  changes  and w e  want t o  m a i n t a i n  t h e  w a t e r  
q u a l i t y  i n  a  r i v e r  s y s t e m ,  o n l y  a t  t h e  expense  o f  d i s t r i c t  k ,  
t h e  a d d i t i o n a l  c o s t  wk ( u k , h a ,  r )  i s  i n e v i t a b l e .  But it i s  p e r h a p s  
a d v i s a b l e  t o  d i s t r i b u t e  t h e  a d d i t i o n a l  w a t e r  t r e a t m e n t  between 
t h e  d i f f e r e n t  d i s t r i c t s  and /o r  t o  change t h e  w a t e r  q u a l i t y  i n  a  
r i v e r  sys t em.  R i g h t l y ,  t h e s e  p o s s i b i l i t i e s  a r e  t a k e n  i n t o  ac-  
j c o u n t  by t h e  i n t r o d u c t i o n  o f  u n i t  w a s t e w a t e r  t r e a t m e n t  c o s t  pk 
which i s  d e f i n e d  a s  a n  i n c r e m e n t  o f  t h e  t o t a l  a n n u a l  c o s t  P c o r -  
r e s p o n d i n g  t o  t h e  u n i t  i n c r e m e n t  o f  t h e  j - t h  p o l l u t a n t  f l ow i n  
t h e  k - th  d i s t r i c t  w a s t e w a t e r .  L e t  u l ,  ..., un, and t h e  t o t a l  c o s t  
P '  be  t h e  s o l u t i o n  o f  Problem 3  o r  31 (depend ing  on  t h e  approach)  
w i t h  t h e  v a r i e d  cos t  f u n c t i o n  pL f o r  t h e  k - t h  d i s t r i c t .  Obv ious ly ,  
n  
t h e  minimal  t o t a l  c o s t  P '  = pi + wk i s  a f u n c t i o n  o f  h  j 
i = l  k '  
Under t h e  a s sumpt ion  t h a t  P '  i s  d i f f e r e n t i a b l e  w i t h  r e s p e c t  t o  
j hk ,  t h e  u n i t  d i s t r i c t  c o s t  p i  i s  d e f i n e d  as f o l l o w s :  
I n  a c t u a l  f a c t ,  it i s  a  minimal  cost  ( o r  n e t  s a v i n g )  i n  t h e  
whole r e g i o n  w h i l e  i n t r o d u c i n g  t h e  a d d i t i o n a l  p o l l u t i o n  i n  o n l y  
one  o f  t h e  d i s t r i c t s .  Fo r  a s i m p l i f i e d  c a l c u l a t i o n  o f  t h e  u n i t  
d i s t r i c t  costs  o f  w a s t e w a t e r  t r e a t e m e n t  it i s  s u f f i c i e n t  t o  s o l v e  
a g a i n  Problem 3  ( o r  3 ' )  w i t h  t h e  v a r i e d  c o s t  f u n c t i o n  p; f o r  a 
j s m a l l  enough hk and t o  u s e  t h e  approx ima te  fo rmula :  
Note t h a t  t h e  i n t r o d u c e d  u n i t  c o s t s  p  c o r r e s p o n d  t o  
t h e  r e g i o n a l  w a t e r  demands a t  t h e  end  of  t h e  p l a n n i n g  p e r i o d  
and t o  t h e  r u n o f f  c o n d i t i o n s  o f  a d r y  y e a r .  The m a t r i x  { p z }  
g i v e s  u s  t h e  i n f o r m a t i o n  on  t h e  g e o g r a p h i c a l  d i s t r i b u t i o n  o f  
t h e  u n i t  costs  a s s o c i a t e d  w i t h  w a s t e w a t e r  t r e a t m e n t  f o r  e a c h  
p o l l u t a n t  s e p a r a t e l y .  Such i n f o r m a t i o n  c a n  b e  used  when 
p l a n n i n g  t h e  l o c a t i o n  f o r  b o t h  p r o d u c t i o n  u n i t s  o r  t h e i r  was te -  
w a t e r  d i s c h a r g e s  i n  a  r i v e r  sys t em.  
I n  b r i e f ,  t h a t  i s  t h e  main c o n t e n t s  o f  t h e  WR model ing  
i n  a r e g i o n a l  c o n t e x t .  
I V .  WATER SUPPLY MODEL FOR THE SILISTRA CASE STUDY 
Here t h e  f i r s t  v e r s i o n  o f  t h e  water s u p p l y  model f o r  t h e  
S i l i s t r a  r e g i o n  i n  B u l g a r i a  w i l l  be p r e s e n t e d .  With r e s p e c t  
t o  methodology,  t h i s  model i s  deve loped  i n  close c o o p e r a t i o n  
w i t h  t h e  Water Demand Model f o r  S i l i s t r a  s u c c e s s f u l l y  deve loped  
by t h e  Reg iona l  Water Management Task i n  1977. One o f  t h e  g o a l s  
i n  modeling t h e  wa te r  supply  was t o  emphasize t h e e s s e n t i a l  
dependence o f  marg ina l  c o s t s  of  wa te r  bo th  w i t h  r e s p e c t  t o  t h e  
season and t o  t h e  l o c a t i o n  of  t h e  wa te r  u s e r .  The wa te r  supply  
model s e t  o u t  below i s  cons t ruc t ed  on t h e  b a s i s  o f  p r e l im ina ry  
d a t a .  
S i l i s t r a  i s  n o t  a  l a r g e  r e g i o n ,  2 7 0 0  kmL i n  a r e a ,  l o c a t e d  
i n  t h e  Nor th-Eastern  p a r t  o f  Bu lga r i a .  The s o i l  q u a l i t y  and 
number o f  days  o f  sun p e r  y e a r  p o i n t  t o  t h e  f a c t  t h a t  t h e  
r e g i o n  i s  f a v o u r a b l e  f o r  i n t e n s i v e  a g r i c u l t u r a l  development.  
A t  t h e  same t i m e ,  it h a s  a  pronounced d e f i c i t  o f  wa t e r  r e s o u r c e s .  
However, even i n  t h e  absence  o f  i r r i g a t i o n ,  S i l i s t r a  i s  mainly  
an a g r i c u l t u r a l  r e g i o n .  P r a c t i c a l l y  speak ing ,  t h e  Danube r i v e r  
i s  t h e  o n l y  s o u r c e  o f  wa t e r  f o r  a g r i c u l t u r e ,  p o p u l a t i o n  and 
i n d u s t r y  consumption. 
The S i l i s t r a  w a t e r  supp ly  sys tem,  i n  e s s e n c e ,  i s  d i v i d e d  
i n t o  two s e p a r a t e  sys tems:  i r r i g a t i o n  w a t e r  supp ly  and wa t e r  
s u p p l y  f o r  p o p u l a t i o n  and i n d u s t r y  consumption. The r e a s o n  f o r  
such a d i v i s i o n  i s  t h e  e s s e n t i a l  d i s t i n c t i o n  o f  t h e  water q u a l i t y  
demand f o r  t h e  d i f f e r e n t  w a t e r  u s e r s .  With r e g a r d  t o  i n d u s t r y ,  
t h e  S i l i s t r a  r e g i o n  h a s  mainly  food e n t e r p r i s e s  e x c e p t  f o r  some 
o t h e r s  i n  t h e  c i t y  o f  S i l i s t r a .  However, be ing  s i t u a t e d  o n  t h e  
Danube r i v e r s i d e ,  t h e y  have t h e i r  own water supp ly  sys tems  s m a l l  
enough on a  r e g i o n  scale. A s  i s  known, bo th  t h e  food i n d u s t r y  
and t h e  p o p u l a t i o n  r e q u i r e  t h a t  t h e  wa t e r  q u a l i t y  be  o f  d r i n k i n g -  
w a t e r  s t a n d a r d s  which,  o f  c o u r s e ,  i s  o f  h i g h e r  q u a l i t y  t h a n  
needed f o r  a g r i c u l t u r e .  Only 8 - 1 0 1  of  t h e  t o t a l  water demands i n  
t h e  r e g i o n  f a l l  t o  t h e  s h a r e  o f  p o p u l a t i o n  and i n d u s t r y .  The 
o n l y  s o u r c e  of water f o r  t h e s e  i s  t h e  s t r e a m  terrace w a t e r s  which 
a r e  l i m i t e d  i n  q u a n t i t y .  Fur the rmore ,  t h e  d r i n k i n g  water supp ly  
r e q u i r e s  t h e  c r e a t i o n  o f  watermains .  I r r i g a t i o n  water i s  with-  
drawn from t h e  Danube s t reamf low.  A l l  t h e  above l e a d s  t o  t h e  
c o n c l u s ion  t h a t  t h e  i r r i g a t i o n  wa t e r  supp ly  is  i n  f a c t  a s e p a r a t e  
and t h e  most impor t an t  p a r t  o f  t h e  S i l i s t r a  wa t e r  supp ly  sys tem.  
T h e r e f o r e ,  w e  w i l l  be s o l e l y  concerned w i t h  t h e  i r r i g a t i o n  
w a t e r  supp ly  sys tem,  i n  some cases i d e n t i f y i n g  it,  i n  a  c e r t a i n  
s e n s e ,  w i t h  t h e  whole r e g i o n a l  wa t e r  supp ly  sys tem.  
From the geographical point of view, the water supply system 
for the Silistra region is also divided into three disconnected 
irrigation systems corresponding to the Tutrakan, M. Preslavetch 
and the Silistra districts. Among others, the M. Preslavetch 
irrigation system is the most representative with respect to both 
the irrigated area (about 50%) and such typical elements as 
reservoirs, pumping stations, canals, etc. For this reason, the 
water supply model constructed for the M. Preslavetch district 
can afterwards be transferred to other irrigation systems in the 
Silistra region. Below we deal only with the water supply system 
for the M. Preslavetch district. 
The main goal of the modeling of water supply consists in 
determining the basic parameters of the system: capacities of 
reservoirs, capacities of pumping stations and discharge capa- 
cities of canals. While constructing the water supply model for 
the Silistra region, we are proceeding from the following 
assumptions. 
1. The water supply system designed is determined by the end 
of the planning period (~1990). 
2. The water resources available are unlimited because the 
quantity of water withdrawn in the Silistra site from the 
Danube does not exceed 5-7s even during the peak period. 
3. The water resources are used only for irrigation character- 
ized by consumptive water use. 
4. Proceeding from the topographical conditions, the structure 
of the water supply system is fixed (see Figure 5). It 
includes the pumping station on the Danube streamflow, three 
storage reservoirs, the canal network and five point water 
withdrawals for irrigation. 
5. Water demands are specified. The model should permit the 
variations of water demands. 
6. All agricultural areas are divided into two classes: areas 
irrigated directly from the Danube river through canals 
only, and areas allowing a mixed water supply (both from 
the river directly and from storage reservoirs). 
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7 .  Only w i th in -yea r  r e g u l a t i o n  o f  w a t e r  r e s o u r c e s  i s  cons id -  
e r e d .  
8. For  each i r r i g a t e d  a r e a  t h e  g e n e r a l i z e d  i r r i g a t i o n  t i m e -  
t a b l e s  a r e  s p e c i f i e d .  The p r o f i l e s  o f  t h e s e  t i m e t a b l e s  can 
va ry  acco rd ing  t o  t h e  c rops .  
9. On t h e  s t r e n g t h  o f  t h e  smal l  s i z e  o f  t h e  S i l i s t r a  r e g i o n ,  t h e  
t r a n s i t  t i m e  d e l a y s  f o r  c a n a l s  a r e  n o t  t a k e n  i n t o  account .  
10. The b a s i c  wa t e r  supp ly  sys tem parameters  a r e  determined by 
t h e  min imiza t i on  o f  i t s  g e n e r a l i z e d  annua l  c o s t s  t a k i n g  
i n t o  accoun t  bo th  c a p i t a l  i nves tmen t s  and o p e r a t i n g  c o s t s .  
L e t  us  go on t o  t h e  mathemat ica l  d e s c r i p t i o n  o f  t h e  model. 
For  t h i s ,  number t h e  r e s e r v o i r s ,  t h e  main c a n a l s  and t h e  p o i n t  
wa t e r  w i thd rawa l s  a s  shown i n  F i g u r e  5 .  The most compact 
d e s c r i p t i o n  of  t h e  wa te r  supp ly  model co r r e sponds  t o  i t s  c o n t i -  
nuous analogy from which w e  s t a r t .  L a t e r ,  wh i l e  computing t h e  
model, w e  s h a l l  go on t o  t h e  d i s c r e t e  analogy of  t h i s .  The f o l -  
lowing n o t a t i o n s  w i l l  be used i n  t h e  model: 
w i ( t )  - w a t e r  f low i n t a k e n  i n  t h e  i - t h  wa te r  wi thdrawal  
(i = 1 ,  ..., 5)  a t  t i m e  t ;  
ni (t)  - water f low i n  t h e  j - t h  c a n a l  j  = 1 , . . . , 5 )  a t  
J 
t i m e  t ;  
S k ( t )  - a c t i v e  w a t e r  s t o r a g e  i n  t h e  k- th  r e s e r v o i r  
(k = 1 , 2 , 3 )  a t  t ime  t ;  
X p ( t )  - wate r  f low i n  t h e  p-th d i s t r i b u t i n g  c a n a l  
p = 1 . . . 9 )  a t  t i m e  t ;  
Z - d i s c h a r g e  c a p a c i t y  of  t h e  j - t h  c a n a l ;  j  
vk - c a p a c i t y  of  t h e  k- th  r e s e r v o i r .  
I n  e s s e n c e ,  a l l  t h e  c o n s t r a i n t s  i n  t h e  model a r e  t h e  
e q u a t i o n s  f o r  c o n s e r v a t i o n  o f  m a s s  i n  d i f f e r e n t  nodes o f  t h e  
water network a t  any t i m e  t (see Figu re  5 )  and can be p r e s e n t e d  
a s  fo l lows :  
The c o n d i t i o n s  of f i l l i n g  t h e s e  t h r e e  r e s e r v o i r s  can  
be w r i t t e n  i n  t h e  form of t h e  fo l lowing  o r d i n a r y  d i f f e r e n t i a l  
equa t ions :  
By d e f i n i t i o n ,  t h e  c a p a c i t i e s  f o r  r e s e r v o i r s  and c a n a l s  
a r e  : 
L a s t l y ,  t h e  p h y s i c a l  c o n s t r a i n t s  on t h e  s i g n s  o f  v a r i a b l e s  
a r e  : 
In relations (1 1)- (14) the values w. (t) are the water demands 
1 
given and x(t) , qi t )  , Sk(t), Zj and Vk are decision variables. 
As is obvious from assumption 10, we proceed from an econo- 
mic criterion. We assume that it is a linear function of the 
decision variables or the capacities for pumping stations, 
reservoirs, and canals. While constructing the optimization 
criterion we need the following notations: 
e V + fk - generalized annual cost associated with k k  
the creation and operation of the k-th 
reservoir; 
alZ1 + bl - generalized annual cost associated with 
the creation of a pumping station; 
a2 - unit cost of electrical energy pumping 
station; 
- unit cost associated with the water conveyance 
through the j-th canal while it operates 
in complete capacity; 
" j - an increment of unit cost above, due to 
the operation of the j-th canal in incomplete 
capacity. 
Here, all cost coefficients e k' alt bit a2, A .  3 and p j are 
specified. In these terms, the generalized annual costs for the 
whole water supply system are written as follows: 
Thus, the set of relations (11)-(14) and functional (15) 
are the continuous mathematical model for water supply. The 
appropriate optimization problem can be stated as follows. 
Problem 4. Find the system of the time-varying functions 
gi (t) , Sk(t) , x (t) , Zj and Vk satisfying constraints (1 1)- (14) 
P 
for which functional (15) has a minimum. 
Hence, the continuous statement of the problem for the 
water supply system is a purely variational problem and should 
formally be solved by methods for calculus of variation. In 
practice, however, the matter is much simpler. Namely, in the 
discrete statement, Problem 4 is reduced to one of linear pro- 
graming. For this it is enough to write the constraints (I1)- 
( 3 4 )  and the functional (15) in discrete form. We do not do 
th.is .here, although some results below correspond to the dis- 
crete model. 
Before showing some modeling results, introduce the 
concept of the seasonal unit costs of water for the different 
irrigated areas. In doing so, we follow, in many respects, 
the concept of the variational derivative of the functional. 
For this purpose, vary the water demand wk(t) for the 
only irrigated area at some time to. Specifically, give w.(+) 
1 
an increment Ak(t) which is different from zero only in the 
neighborhood of point to. The increment of water quantity 
1 
withdrawn for the k-th irrigated area is o = I Ak(t)dt. For 
0 
water demands varied in such a way it is correct to state 
Problem 4. Let El be a value of functional (1 0) corresponding 
to the solution of such a problem. Calculate the ratio 
E - 
P = Next, let o go to zero in such a way that both 
o 
max (hk(t) I and the length of the interval in which. Ak(t) is 
nonvanishing go to zero. Then, under the assumption that the 
ratio p converges to a limit such as a -+ 0, which we call 
t h e  u n i t  c o s t  of wate r  i n  t h e  k-th i r r i g a t e d  a r e a  a t  t ime t 
0 
and denoted by p k ( t o ) .  I n  essence  it i s  an a d d i t i o n a l  c o s t  
o r  n e t  s av ing ,  a s s o c i a t e d  wi th  supplying t h e  k- th  a r e a  w i th  
t h e  a d d i t i o n a l  u n i t  o f  wate r  i n  time t . 
0 
The d i s c r e t e  v e r s i o n  of t h e  model was run on t h e  PDP-11/70 
computer a t  IIASA.* The p re l imina ry  d a t a  corresponding t o  
i d i v i d i n g  t h e  yea r  i n t o  7 p e r i o d s  T a r e  shown i n  F igure  6 .  
Besides t h e  b a s i c  v a r i a n t  of t h e  i n i t i a l  d a t a  two o t h e r s  
were cons idered .  The f i r s t  corresponds t o  wate r  demands wi 
reduced tw ice ,  and t h e  o t h e r  t o  t h e  absence of  s t o r a g e  r e s e r -  
v o i r s  (vi = v2 - v3 = 0 ) .  For a l l  v a r i a n t s  some modeling 
r e s u l t s  a r e  p re sen ted  i n  F igure  7. F igure  8 shows t h e  t i m e -  
t a b l e s  of f i l l i n g s  and r e l e a s e s  from r e s e r v o i r s  f o r  t h e  b a s i c  
v a r i a n t .  It fo l lows  from F igu re  8 t h a t  t h e r e  e x i s t  two t y p i c a l  
t i m e  p o i n t s :  t h e  beginning of t h e  second pe r iod  where a l l  t h r e e  
r e s e r v o i r s  a r e  f i l l e d  comple te ly ,  and t h e  end of  t h e  f i f t h  
pe r iod  where t h s s e  a r e  complete ly  empty, d i s r e g a r d i n g  t h e i r  
dead s t o r a g e .  
S ince  t h e  i n i t i a l  d a t a  a r e  p re l imina ry ,  q u a l i t a t i v e  
resu1t.s of  modeling can  be more impor tan t  t han  q u a n t i t a t i v e  
ones .  I n  t h i s  r e s p e c t ,  t h e  s easona l  u n i t  c o s t s  of  wate r  a r e  
of  i n t e r e s t .  I n  F igu re  9 ,  f o r  a l l  v a r i a n t s  of  i n i t i a l  d a t a ,  
i t h e  s easona l  u n i t  pk of  wate r  a r e  shown a s  f u n c t i o n s  of  t h e  
season and t h e  geographica l  l o c a t i o n  of wate r  wi thdrawals .  
A s  i s  obvious from F igu re  9 ,  t h e  u n i t  c o s t s  of wate r  depend 
e s s e n t i a l l y  on t h e  season and what t h e  i r r i g a t e d  a r e a  i s .  
Three tendenc ies  a r e  c l e a r l y  observed.  F i r s t l y ,  a t  
t h e  per iod  of t h e  most i n t e n s i v e  i r r i g a t i o n  (i = 5 )  t h e  
u n i t  c o s t s  of water  a r e  much more than  a t  a l l  o t h e r  pe r iods .  
Secondly, t h e  u n i t  c o s t s  of water  i nc rease  when t h e  i r r i g a t e d  
a r e a  i s  moved away from t h e  Danube r i v e r .  Thi rd ly ,  t h e  u n i t  
water c o s t  corresponding t o  t h e  per iod  of t h e  most i n t e n s i v e  
i r r i g a t i o n  i n c r e a s e s  s t r o n g l y  when t h e  r e s e r v o i r s  a r e  absen t .  
* 
The program f o r  running t h e  d i s c r e t e  model was. p repared  by W. 
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Seasonal Unit  Cos t s  of Water f o r  t h e  D i f f e r e n t  I r r i g a t e d  
Areas 
For example, f o r  t h e  f i r s t  d i s t r i c t ,  t h e  c o s t  of  wa te r  
v a r i e s  from p e r i o d  I11 (May) t o  Season V ( t h e  end of  June)  
n e a r l y  e i g h t  t i m e s  ( 1 , 4  and 1 1 , 4  r e s p e c t i v e l y ) .  I t  i s  c l e a r  
t h a t  t h i s  v a r i a t i o n  i s  much g r e a t e r  t h a n  f o r  many o t h e r  
f a c t o r s  i n f l u e n c i n g  r e g i o n a l  and i n t r a r e g i o n a l  l o c a t i o n  and 
f a r  beyond t h e  r a t e  of "normal e r r o r "  i n  u s u a l  economic c a l -  
c u l a t i o n s  (10-1 5 % )  .
The same c a n  be s a i d  f o r  t h e  space  i n f l u e n c e :  t h e  v a r i -  
a t i o n  o f  c o s t  f o r  d i f f e r e n t  i r r i g a t e d  a r e a s  f o r  p e r i o d  I11 
v a r i e s  from 1 , 4  t o  5 ,84  lv /mj ,  which a l s o  means t h a t  t h e  use 
o f  ave rage  d a t a  l e a d s  t o  g rave  e r r o r .  
Every th ing  mentioned above can be e x p l a i n e d  w i t h o u t  d i f -  
f i c u l t y  i n  terms o f  c a p i t a l  and o p e r a t i o n  c o s t s  a s s o c i a t e d  w i t h  
t h e  c r e a t i o n  of a  w a t e r  supply  system. 
Thus t h e  change o f  t h e  u n i t  w a t e r  c o s t s  i n  t i m e  and space  
shou1.d e s s e n t i a l l y  i n f l u e n c e  t h e  a l l o c a t i o n  o f  r e g i o n a l  produc- 
t i o n  u n i t s  and t h e  c h o i c e  o f  p r o d u c t i o n  s p e c i a l i z a t i o n  o f  t h e  
r e g i o n .  A t  t h e  same t i m e ,  t h e  d i s t r i b u t e d  u n i t  c o s t s  o f  w a t e r  
c a l l  f o r  c a r e  i n  h a n d l i n g  such concep t s  as t h e  annual  u n i t  
c o s t  o f  w a t e r  o r  ave rage  r e g i o n a l  u n i t  c o s t  o f  w a t e r  w h i l e  
p lann ing  t h e  a g r i c u l t u r a l  development of  t h e  S i l i s t r a  r e g i o n .  
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